.
Cathepsin B was originally the name coined for the enzyme in bovine spleen that hydrolyzes benzoylarginine amide in the presence of cysteine. For a long time, it had been thought to be the only lysosomal thiol endopeptidase (1, 2) . However, Otto et al. (3) (4) (5) have shown that more than one enzyme displays this activity. They isolated a major thiol endopeptidase from rat liver lysosomes with a Mr of 25, 000 and renamed it cathepsin B1. More extensive studies of thiol endopeptidases of rat liver lysosomes by Kirschke et aL (6) (7) (8) have led to the identification of two thiol proteases, cathepsins H and L. At the same time, Towatari et al. (9, 10) independently isolated a new thiol endopeptidase from cathepsin B1 preparations, which was later established to be identical to cathepsin L of Kirschke et al. Cathepsin B was crystallized by Towatari et al. as spindle-form crystals (11) . More recently, several workers have reported the presence of additional thiol endopeptidases in lysosomes-e.g., cathepsins T, N, P, and S (12-15)-but their amounts appear to be very low. These lysosomal thiol endopeptidases are considered to play an important role in intracellular protein degradation and possibly in post-translational processing of some biologically important substances such as endorphin (16) and insulin (14, 17) .
We have recently isolated three major proteases from rat liver lysosomes, cathepsins B, H, and L, and purified them to a homogeneous state in terms of enzymatic activities, substrate specificities, and antigenic specificities (10, 11, 18) . Crystalline cathepsin B is a mixture of a single-chain and a two-chain form of the enzyme (19 (20) and actinidin (21) .
The experimental details of the sequence analysis of cathepsins B and H will be published elsewhere.
MATERIALS AND METHODS
Crystalline rat liver cathepsin B was prepared as described (11) . Cathepsin H was prepared by the method of Schwartz and Barrett (22) . The intact chain and the two polypeptide chains of each enzyme, generated by proteolytic cleavage, were separated on a Sephacryl S-200 column after S-carboxymethylation of reduced disulfide bonds as reported (19) . Trypsin (27) by using a program adapted from Brauer et al. (28) in the presence of Polybrene (29) . Phenylthiohydantoin derivatives were identified in a semiquantitative manner by two HPLC systems (30, 31) .
A search for a homologous sequence was carried out with a VAX/VMS computer by using a "protein sequence database" of the Atlas of Protein Sequence and Structure (version 4, April 30, 1982) 
RESULTS AND DISCUSSION
Cathepsin H was isolated as an approximately 50:50 mixture of the single-and two-chain forms of the enzyme, as was crystalline cathepsin B. We took advantage of the limited proteolysis that occurred with both enzymes to determine their amino acid sequences. The heavy and light chains of each enzyme (and the intact chain also in the case of cathepsin H) were separated after cleavage of disulfide bonds that still held the two chains together in the native forms. The intact chain of cathepsin B was not completely separated from the heavy chain by gel filtration. The separated chains were then subjected to automated sequence analysis.
Analysis of the light chain of cathepsin B has been reported (19) . From the cyanogen bromide digest of the heavy chain of cathepsin B, four major fragments (residues 48-129, 130-159, 160-194, and 195-252) and two minor overlapping fragments (residues 48-159 and 160-252) were isolated ( The amino acid sequence of cathepsin H was similarly determined from digests of both chains with cyanogen bromide, of cathepsins B and H, omitting glycosyl groups, calculated from these sequences are 27,411 and 24,000, respectively. In Fig. 4 , the sequences of cathepsins B and H are compared with each other and also with that of papain (36, 37) , which has already been shown to be homologous to that of another plant thiol proteinase, actinidin (38) . The sequences are aligned so as to achieve maximal similarity by applying the comparison program of de Haen et al. (32) .
It is obvious that the three proteins have a relatively high degree of identity in the amino-and carboxyl-terminal regions but rather less in the central region. The comparison of the three proteins in Fig. 4 also share with papain and actinidin the three-residue sequence Asn-Ser-Trp (residues 217-219 in cathepsin B). According to the x-ray structure of papain, asparagine is hydrogen-bonded to the active site histidine and tryptophan acts to stabilize that bond (20) . Glycine-205 in cathepsin B is found in cathepsin H and also in actinidin in the region corresponding to the only discrepancy between the reported chemical sequence (Asn-ProGly) and the x-ray sequence (Gly-Pro-Asn) (20) . Overall, the sequence of rat liver cathepsin H is more closely related to those of the plant enzymes papain and actinidin than to that of rat liver cathepsin B, suggesting that cathepsin B diverged from the common ancestral gene long before cathepsin H.
The amino acid sequences of cathepsins B and H were fitted to the known three-dimensional structure of papain (20) by using the alignments shown in Fig. 4 . Almost all of the insertions and deletions were found to be in surface loops without af-Proc. Natl. Acad. Sci. USA 80 (1983) 3669 10 20 fecting the fundamental structure of papain. Fig. 5 compares in a schematic, simplified fashion the folding of the peptide chains, the sites of glycosyl attachment, active site residues, the sites of limited proteolysis, the location of the cysteinyl residues, and the assumed disulfide bonds of cathepsins B and H. It is impossible to draw a meaningful conformation for the central region of the cathepsin B from the present results because of the rather large and somewhat arbitrary insertions and the very limited homology to papain. Prediction of secondary structures by the method of Chou and Fasman (39) suggested that the central region of cathepsin B has rather extended structures. For this reason, the pairing of the disulfide bonds in this region is highly conjectural.
There is no evidence even that lysosomal cathepsins contain disulfide bonds. Most intracellular proteins contain free SH groups in the form of cysteinyl residues, but the intralysosomal environment may be more oxidative and favor the formation of disulfide bonds. Fittings of the cathepsin sequences to papain suggest that most of the cysteinyl residue pairs would be adjacent to each other and could form disulfide bonds without changing the native conformations of the proteins. Alternatively, if within the lysosome all the cysteinyl residues existed in the reduced form, they could have become oxidized to disulfide bonds during the isolation procedures. Pohl et al. (40) recently reported a disulfide bond in the light chain of bovine spleen cathepsin B although compelling evidence was not pre- sented. Their result agrees with one of our hypothetical disulfide bonds in rat liver cathepsin B (Cys-14-Cys-43). Of the 14 cysteinyl residues, 2 must exist as free SH groups, 1 at the active site and the other probably at the surface of the right lobe, which corresponds to 1 involved in disulfide pairing in papain. Also in cathepsin H, there must be two free SH groups in addition to the three conserved disulfide bonds that correspond to those of papain and actinidin. It is not clear yet whether free SH groups in regions other than the active site contribute to the mode of action of the enzymes.
The glycosylated residues appear to be located on a rather loose surface loop in the left lobe (cathepsin B) and on an extended structure connecting the right and left lobes (cathepsin H). The sites of limited proteolysis are also found at surface loops far from the catalytic sites; hence, the impact of limited proteolysis on catalytic activity may be minimal or absent. It is not known yet whether limited proteolysis is an endogenous process or whether it involves extraneous enzymes.
Cathepsins B and.H not only act as endopeptidases but also as a peptidyl dipeptidase (41) and an amino peptidase (42), respectively. The positively charged guanidino group of arginine-200 in cathepsin B may conceivably be the carboxyl binding site for the peptidyl dipeptidase activity. This residue is separated by two residues from the active site histidine-197 and the corresponding alanyl residue in papain extends its side chain into the active site groove.
